Abstract The high voltage power supply (HVPS) based on pulse step modulation (PSM) has already been developed for the auxiliary heating system on HL-2A. This power supply consists of many switch power supplies, and its output voltage can be obtained by modulating their delay time and pulse widths. The PSM topology and control principle are presented in this paper. The simple algorithms for the control system are explained clearly. The switch power supply (SPS) module has been built and the test results show it can meet the requirements of the auxiliary heating system. Now, 112 SPS modules and the whole system have already been developed. Its maximum output is about 72 kV/93 A. The protection time is less than 5 µs. The different outputs of this power supply are used for the electron cyclotron resonant heating (ECRH) system with different duty ratios. The experimental results of the entire system are presented. The results indicate that the whole system can meet the requirements of the auxiliary heating system on HL-2A.
Introduction
With further development of experiments on HL-2A [1] and the modification of HL-2A, the total output power and energy of the auxiliary heating systems, including the electron cyclotron resonance heating system (ECRH), neutral beam injection (NBI) and low hybrid current drive (LHCD), should be considerably increased. The total power output from the HV power supply which is needed in the heating system will be as high as 20 MW. Furthermore, the HV power supply should exhibit high performance, such as fast switchingoff (<7 µs), high stability (<0.5%), quick protection action, low overshoot of the rising edge (<4%) and low stored energy in the output filters (<20 J). The original HVPS based on the linear techniques using high voltage electron tubes (tetrodes) [2] and star-point control [3∼5] can not meet these demands. In 1983 BBC (Brown Boveri, Switzerland) introduced the first high power solid state modulator, known as PSM [6∼8] . PSM is one technique that controls the total output voltage of many identical DC chopper power supplies connected in series by means of managing them to work step by step and modulating their pulse widths in a certain sequence. Those insulated gate bipolar transistor (IGBTs) which are not following the schedule (turned on later or turned off in advance ) will be easily destroyed if they are connected in series directly. This problem can be solved by PSM because its power supply is made up of many units connected in series instead of IGBTs configuration. The total output voltage can be controlled by modifying IGBTs' duty ratio through feed-forward control and feedback control. Fig. 1 shows the architecture of PSM power system. It consists of multiple winding transformers, SPS modules, a control system, a dummy load and a measurement system. This kind of HVPS has many good features as follows: extremely low ripple, high overall efficiency [8] , very low stored energy in case of a short circuit disposed at the load, and crowbar system is not necessary for the low stored energy. Due to the merits described above, it has been applied to several fusion Fig.1 Architecture of the PSM power supply system devices [9, 10] . The whole PSM power supply system for HL-2A consists of four units and its output is 80 kV/100 A. A simple control mode is described and some results of PSM HV power supply installed on HL-2A are presented in this paper.
2 PSM control algorithm on HL-2A Fig. 2 shows the control principle of PSM on HL-2A [11] . There are 8 pulse power supplies and each power supply has a period T of 200 µs and a duty ratio of 0.8, as shown in Fig. 2(a) . Its peak voltage is 10 V. The second IGBT is turned on T /8 later than the first one, the third is turned on T /8 later than the second, and so on. Generally, if there are n pulse power supplies in operation, the delay time is T /n. The output of these power supplies under this modulation is shown in Fig. 2(b) . The output voltage is equivalent to a pulse voltage with amplitude of 10 V, frequency of 40 kHz and duty ratio of 0.4 to DC 60 V. The efficient frequency is so high that the output filter can be made very small.
The total output voltage V o , the efficient frequency f o and the duty ratio D o can be calculated as follows:
where D s , V ds , f s , t on and t d stand for the duty ratio, output voltage, frequency, turn-on time and delay time of one SPS module, respectively, where N is the total number of the working SPS modules and m is the integer part of (t on /t d ). So the output voltage and efficient frequency can be adjusted by changing
If one or more modules are not ready to operate, it or they could be considered as a redundancy as long as the total output voltage of the remaining modules is not smaller than (N − d)V ds , where d is the number of the defective or missing modules. According to this algorithm, all these signals are the same except for their turn-on time. So the control system should be simple. The whole system consists of four PSM units, a control system, a grounding system, a vacuum switch, an interlock and measurement system, a PLC monitor system and a dummy load. Each PSM unit includes a high voltage insulation transformer, two dry-type multiple windings transformers and 28 SPS modules. The output voltage is so high that the effect of stray parameters in the system must be considered. The stray capacitance of the multiple windings transformer, the stray capacitance between the two adjacent SPS modules and the unit-to-ground capacitance should be reduced. In order to decrease the stray inductance, the whole system structure should be compact.
SPS module and test
A diagram of the SPS module is shown in Fig. 3 [12] . Each SPS module consists of a breaker (which can be turned off by an external signal), a diode rectifier bridge, a capacitor bank, an IGBT switch, a freewheeling diode, an resistance capacitance diode (RCD) snubber circuit, a discharging energy circuit, a control board and a drive circuit. The AC voltage is rectified by the standard three-phase rectifier. The DC voltage is filtered by the electrolytic capacitor bank (about 1.2 mF). For electronic switch elements with high frequency and current range up to 100 A, IGBT is the best choice. It can offer high reliability, fast switching with low losses and sufficient voltage rating and margin. The optimum choice in this application is one SPS module with a single 1700 V/200 A IGBT module. The output of this SPS module is about 850 V/100 A (in pulse operation or CW operation). The output of each SPS module has two states as follows, where the diode voltage is not taken into account. One is V o = V ds when the IGBT is turned on and the other is V o =0 when the IGBT is turned off. SKM200GAL173D (whose nominal rating is 1700 V/200 A) is suitable for the chopper circuit and includes a freewheeling diode. The freewheeling diode has another function, i.e. to provide a way for the current of other SPS modules if the IGBT of this SPS module is not turned on. Each SPS module is powered from a group of three-phase secondary windings of a multiple windings rectifier transformer. The line voltage of the secondary winding is 630 V. The control signal and fault signal are transmitted by optical fibers. If an error occurs, the breaker can be triggered and the energy stored in the capacitor bank can be discharged by the discharging circuit. Fig. 4 shows that the protection time is less than 4 µs when an over-current occurs. Meanwhile, the current can be up to 150 A. In order to reduce the voltage between the collector and the emitter when the IGBT is turned off, it is important to optimize the manufacture technique to reduce the stray inductance. Owing to the low power dissipation and pulse operation (1 s/15 min on HL-2A) of the SPS module, forced air cooling is sufficient. 
One PSM unit
For the output voltage up to 40∼60 kV, the PSM HV power supply does not lead to any difficulties concerning insulation [13] . Insulation needs to be considered when the output voltage is above 60 kV. The output of PSM HV power supply is 80 kV, 100 A. An oilimmersed isolating transformer and two dry-type multiple windings transformers connected in series can effectively ensure the insulation. Fig. 5 shows the PSM unit's architecture. The stray capacities C sp between the primary and secondary windings and C ss between the secondary windings are key parameters to the whole system, and thus the smaller the value of C sp and C ss are the better the result is. That is because the stray capacitance would make it difficult to remove as soon as possible the voltage previously exerted on the load in case of an emergency. One half of the secondary multiple windings is a star connection scheme, the rest a delta connection scheme. So the 12-pulse rectifier can be obtained which can reduce the ripple on the DC side and restrain the mains voltage distortion. In order to reduce the stray capacitance between the two adjacent modules, the connection is in Z shape. 
Unit test
One PSM unit system has already been built and debugged. Since the unit is powered by AC 2200 V 50 Hz instead of AC 3000 V 80 ∼ 100 Hz, the DC output of the SPS module is about 630 V. The dummy load is 145 Ω. The parameters of the control signal are 5 kHz, D = 0.8, t d = 7.2 µs. Fig. 6 shows the unit output Fig. 7 shows that the protection time is less than 4 µs when an over-current occurs. The test of short circuit on the unit is shown in Fig. 8 . The current protection time is less than 8 µs and the maximum of current is about 500 A in this picture. The IGBT is safe and all SPS modules work well under these conditions. 
Results of the whole system
According to the afore-mentioned algorithm, a control system based on digital signal processing (DSP) and field programmable gate array (FPGA) has been built. Figs. 9∼11 show the whole PSM HV power supply system for HL-2A, the output of the whole system and the protection time at over-current, respectively. The output is about 72 kV/93 A, and the protection time is less than 5 µs when an over-current occurs. The output snubber circuit can keep the current within the safe range. The power supply system has been applied to the ECRH system on HL-2A. Fig. 12 shows one shot waveform of the output at 47 kV/20 A. The rising edge comes with an overshoot of about 1.2% and a 0.8 ms rise time. The stability is about 1.3%. The output voltage changing with the duty ratio is shown in Fig. 13 . The output voltage of shot 13912 is about 47.9 kV when the duty ratio is 0.55, while the output voltage of shot 13916 is about 51.8 kV when the duty ratio is 0.6. 
Summary and conclusion
The whole system has already been designed to be employed in the auxiliary heating system of HL-2A. Test results of the SPS module indicate the module can meet the requirements of PSM power supply. The control system based on DSP and FPGA is greatly simplified with these algorithms, and the whole power supply system can also be simplified with this kind of control system. The high-frequency and high-voltage power supply can be realized by modulating the low frequency and low voltage. Meanwhile, the output voltage of the system is in a continuously adjustable range (0∼80 kV). The power supply based on PSM technique and fast switch element also has other good features, such as a simple structure, high output power, high stability, high power factor and high redundancy, short turn-on and turn-off time and low stored energy in its output filter. The whole design of the PSM power supply is simple and can be obtained expediently, and the stray capacitance of the transformer can meet the requirements of the design. In the next stage, the parameters of the output filter and the whole system will soon be improved and used on the auxiliary heating system of HL-2A.
